Plasmid pBR322 derives from plasmid ColE1 and does not replicate in Escherichia coli strains lacking DNA polymerase I. Hybrids between pBR322 and a plasmid isolated from Staphylococcus aureus, pC194, replicate in such E. coli strains, provided that the pC194 replication region is intact. Inactivation of the pBR322 replication region does not interfere with the replication of hybrids in E. coli. Hybrids between pBR322 and. two other plasmids from S. aureus, pT127 and pUB112, replicate at the restrictive temperature in E. coli having thermosensitive DNA polymerase I. Similar hybrids involving pC221 and pHV400, plasmids from S. aureus and Bacillus subtilis, res ectively, do not replicate under such conditions. These resu ts show that some plasmids from a Grampositive bacterium, S. aureus, can replicate in a Gram-negative one, E. coli.
The study of plasmids during the past 20 years has brought forth, among others, the realization that the same replicons can function in many bacterial species. This ability represents a foundation for genetic exchanges among diverse species. The scope of such heterospecific genetic exchanges is revealed by determining the diversity of organisms in which particular plasmids may replicate.
Organisms belonging to numerous and phylogenetically very distant species of Gram-negative bacteria can serve as hosts for the same plasmids (1) . The evidence is so abundant that we feel justified in generalizing this ability to almost any bacteria belonging to the Gram-negative group. Not so many data are available for Gram-positive bacteria, but a similar generalization is likely to hold true within this group as well, because some plasmids replicate in species as distant as Staphylococcus aureus and Bacillus subtilis (2) . Genetic exchanges between organisms belonging to the same group, Gram-positive or Gram-negative, thus seem possible. Plasmids that could replicate in both Gram-positive and Gram-negative bacteria would link these groups into a unique network of potential exchangers of genetic information, covering most of the known prokaryotes. In this report we present evidence that plasmids originally isolated from a Gram-positive bacterium, S. aureus, can replicate in a Gram-negative bacterium, Escherichia coil.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. The B. subtilis strain used was HVS49 trpC2 his-2 tyr-1 aro-2 (our laboratory). All E. coli strains used were K-12 derivatives: HVC45, thrAl leu-6 thi-l tonA21 supE44 hsdR str (3); TS214, leu thy his argG nmtB lacY xyl polA214(ts) strA (4); JG1 12, thyA lacZY14 rha polAl str (J.
Gross via R. Devoret); HVC293, leu thi AtrpE5 lacYl hsdR str recAl (our laboratory); and HVC337, leu thi AtrpE5 lacYl hsdR recB21 (our laboratory). Phage X i434 int-102 red-3 was
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Media. All bacteria were grown in L liquid or solid media. Resistant E. coli bacteria were selected and grown by using ampicillin (Ap) at 10 or 100 ,g/ml, tetracycline at 15 ,g/ml, or chloramphenicol (Cm) at 25 Atg/ml. Chloramphenicol-resistant (CmR) B. subtilis were selected and grown by using chloramphenicol at 3 ,ug/ml and 25 ug/ml, respectively.
Enzymes. EcoRI restriction endonuclease and phage T4 ligase were prepared and used as described (11, 12) . All other enzymes were purchased from Bethesda Research Laboratories and used according to instructions supplied by the manufacturer.
Gel Electrophoresis. Agarose and acrylamide gel electrophoresis were performed by standard methods, using Tris/ EDTA/borate or acetate buffer. DNA was extracted from gels as described (13) .
Plasmid DNA Preparation. Plasmid DNA was extracted and purified by hydroxyapatite column chromatography and cesium chloride density gradients in the presence of ethidium bromide (3, 14, 15) .
Competence Induction and Transformation. B. subtilis and E. coli competent cells were prepared and transformed as described (3, 16, 17) . Biohazard Considerations. The potential biohazards associated with the described experiments were examined by the French National Control committee; the appropriate experiments were performed at LI containment level.
RESULTS
Plasmid pC194 was isolated from S. aureus (6) and shown to replicate and express its chloramphenicol resistance gene in B. subtils (2) . It has, in our hands, consistently failed to transform E. coil to chloramphenicol resistance. This result suggests either that pC194 cannot replicate in E. coli or that the plasmid is maintained in this host, but that its chloramphenicol resistance gene is not adequately expressed. To distinguish these possiblities we linked pC194 to E. coli plasmid pBR322 (5), which carries a f3-lactamase gene conferring upon E. coli a discernible phenotype even when present in very few copies per cell (18) . The hybrids between pC194 and pBR322 were introduced in E. coli cells and their replication properties were examined.
Hybrids Between pBR322 and pC194 Replicate in E. coli Deficient in DNA Polymerase. pBR322 contains a replicon essentially identical to that of ColEl, which does not function in cells having a low level of DNA polymerase 1 (19) . We have introduced pBR322 and the hybrids between pBR322 and pC194, named pHV14 and pHV15 [differing in the orientations of the two parental plasmids ( Fig. 1 polA214(ts) bacteria. At the permissive temperature (300C) the strain carrying pBR322 was resistant to ampicillin and tetracycline, while the strains carrying pHV14 and pHV15 were. resistant to ampicillin and chloramphenicol, the tetracycline resistance encoded by pBR322 being inactivated by insertion. At the restrictive temperature (420C) all the three strains appeared sensitive to chloramphenicol. They could not be clearly differentiated by their resistance to ampicillin, probably because of the instability of the antibiotic at that temperature. We could not ascertain, therefore, that the hybrids were maintained in E. coli cells having a low DNA polymerase I level. reason we tested plasmid maintenance by culturing the cells at the restrictive temperature without selective pressure and determining at the permissive temperature the proportion of cells still resistant to antibiotics. A representative experiment is shown in Fig. 2 . After 15 generations at 42°C the fraction of ampicillin-resistant (ApR) cells in the culture containing pBR322 was 10-4. This is close to 3-10-5, the value expected if plasmid replication were arrested when the culture was shifted to the restrictive temperature. When the cells carried pHV14, 1000 times more ApR cells were present; when they carried pHV15, 100 times more (Table 2) .
Two representative ApR clones from each of the three cultures grown at 42°C, carrying pBR322, pHV14, and pHV15, respectively, were selected for further analysis. They contained plasmid DNA indistinguishable from the parental one by size, HindIII restriction pattern, and genetic markers. This indicates that the resistance to ampicillin is due to the presence of plasmids in the resistant cells. The ApR clones were found to be polA(ts), as judged by their UV and methyl methanesulfonate sensitivity (21) and their ability to support growth of Xred phage (22) ; these properties were all identical to those of the parental strain devoid of plasmids. The higher maintenance of pHV14 and pHV15 could not thus be attributed to reversion or complementation of the polA214 mutation. Moreover, when the representative ApR clones from the three cultures were submitted to a second cycle of growth at 420C, plasmid maintenance was identical to that observed in the first cycle, which indicates that no enrichment of more stable mutants, either plasmid or chromosome-borne, had occurred during the growth at 420C.
A possible explanation of higher maintenance of hybrid plasmid than of pBR322 is that pC194 encodes a diffusible product that can replace DNA polymerase I in the replication of pBR322 and that was not detected by the tests for the polymerase-positive phenotype that we performed. This was ruled out because, at 420C, the pBR322 was as unstable when introduced by transformation in the polA214(ts) cells carrying pHV14 as when introduced into the plasmid-free cells. This instability was not due to incompatibility between pHV14 and pBR322, because in a similar experiment performed at 30'C segregation of the two plasmids was negligible.
Another possible explanation of higher maintenance of hybrids is that the pBR322 associated with pC194 has undergone a mutation that has rendered its replication independent of the DNA polymerase I. To test this hypothesis we have reconstructed pBR322 by excising it out of pHV14 and pHV15 that survived growth at 420C for 15 generations. The reconstructed plasmids, labeled pBR322 ex pHV14 and pBR322 ex pHV15, were lost as rapidly as the authentic pBR322 from polA214(ts) cells at 420C (Table 2 ). This shows that the higher stability of pHV14 and pHV15 depends on the presence of pC194 in the molecule.
A further indication that the maintenance of pHV14 in the polA214(ts) E. coli bacteria at 42°C depends on the pC194 replicon is obtained from experiments with the plasmid pHV32 (Fig. 1) . This plasmid was obtained by deleting from pHV14 the replication region of pC194 (ref. 3; unpublished) . At the restrictive temperature 100 times less pHV32 than pHV14 is maintained in polA214(ts) cells (Table 2) , whereas both plasmids are stable at 300C. We do not know the reasons for a somewhat higher maintenance of pHV32, compared to pBR322, under the restrictive conditions ( Table 2 ).
E. coli polA214 retains 16% of the wild-type DNA polymerase I activity at nonpermissive temperature (4), whereas the polAl strain retains less than 2% (21) . If the hybrids between pC194 and pBR322 indeed do not require DNA polymerase I for replication, they should be maintained not only in the former but also in the latter bacteria. To test this point, E. coli polAl competent cells were treated with 1 ,ug of pHV14, pBR322, or pHV32 DNA. Some 100 transformants resistant to ampicillin at 10 ,g/ml were obtained with pHV14 DNA and none with the other two DNAs. Under the same conditions with polymerase-positive competent cells the three DNAs yielded about 106 transformants per ,ug. Two representative ApR clones obtained with the polAl strain were tested for UV sensitivity and Xred growth, and they were found to be indistinguishable from the polAl parental strain. Plasmid DNA isolated from these clones was identical to the parental pHV14 in size, HindIII restriction pattern, and genetic markers. The yield of the plasmid DNA was consistent with the presence of one to three copies per host cell. These results show that a pC194-pBR322 hybrid can replicate in E. coli containing very low amounts of the DNA polymerase I.
The polAl strain carrying pHV14 was resistant to ampicillin (10 Mg/ml) but could not be clearly distinguished from the plasmid-free strain by its chloramphenicol resistance. This may be due to the low copy number of pHV14 in this strain, and may explain our failure to obtain CmR transformants when treating competent E. coli cells with pC194 DNA (see above). pHV14 is maintained in the absence of the selective pressure in the polAl bacteria with a stability comparable to that observed in the polA(ts) bacteria at 42°C. It is worth noting that pHV14 also segregates from B. subtilis, 30-70% of the cells losing pHV14 when grown for 15 generations without selective pressure. The parental plasmid pC194 is stable in this host under the same conditions. These results suggest that the insertion of pBR322 into the HindIII site of pC194 interferes somewhat with the maintenance of the latter, and may explain, at least in part, the instability of pHV14 in E. coli strains containing low levels of DNA polymerase I.
Hybrids Between pBR322 and pC194 Lacking the DNA Initiation Site of pBR322 Replicate in E. coli. The results presented in the preceding section indicate that the pC194 replication functions are expressed in E. coli, because the hybrids between pC194 and pBR322 are maintained in the strains that are unable to replicate pBR322 due to their lack of DNA polymerase I. In order to test even more stringently the replication of pC194 in E. coli, we decided to delete from the hybrids the site of initiation of pBR322 DNA replication. For this purpose we took advantage of the fact that the Hae II sites are conveniently placed in pHV14 and pHV15. The first of the 11 sites maps at the nucleotide 235 of pBR322, and the last at the nucleotide 2721 (23), whereas none is found in pC194 or in the fl-lactamase gene. Because the site of initiation of pBR322 DNA replication maps at the nucleotide 2534 (20, 23, 24) it can be easily eliminated by deleting from pHV14 and pHV15 the region spanned by the two extreme Hae II sites (Fig. 1) .
Plasmids with deletions, named pHV50 and pHV51 ( Fig. 1 (Fig. 3 and 4) , and genetic markers in E. coli and B. subtilis. The yield of DNA was compatible with the presence of one to three copies of the plasmid per bacterial cell. These data show that the initiation site of pBR322 DNA replication is not necessary for replication of hybrid plasmids in E. coil. To ascertain that the Hae IT-introduced deletions inactivated replication of pBR322, pHV50 DNA was cleaved with the HindIII nuclease, which separated pC194 from the deleted pBR322 (Fig. 1) . The mixture was ligated and fractionated on an agarose gel. The gel was sliced, and DNA was extracted from the slices and used to transform E. coli to ampicillin resistance. No transformants were obtained with the ligated segment corresponding to the deleted pBR322, while about a hundred were obtained with this segment rejoined to pC194. Plasmid DNAs extracted from representative transformants contained the two segments (pBR322 with a deletion and pC194) in both possible orientations, as expected if the cleavage and the ligation were successful. This result indicates that the deletion introduced in pBR322 interferes with its replication. It is consistent with the data obtained by other authors, showing that the region that we have deleted is indispensible for the replication of ColEl (20, (25) (26) (27) .
Maintenance of pHV50 and pHV51 in E. coil could possibly be due to the presence of homologous sequences on pC194 and on the E. coil chromosome. The plasmid would then be replicated solely when integrated in the chromosome, but would recombine out of it at a frequency that would allow detection of the plasmid DNA in the cells. This is unlikely, because we could transform E. coil recAl (HVC293) and recB21 (HVC337) competent cells with pHV50 and pHV51 DNAs. The transformants which were recombination-deficient, as indicated by their UV evidence for heterospecific replication of these plasmids was, however, not entirely convincing. In one report the putative B. subtilis transformants did not have the auxotrophic markers carried by the recipient cells (28) . In another, plasmids isolated from the transformants differed in size from the one used to transform, and the capacity of the new plasmids to replicate in E. coli was not verified (29) . The most recent work reports phenotype change of B. subtilis recipient but lacks evidence for the presence of the plasmid in the recipient cells (30) . Two lines of evidence show that the plasmid pC194, which was isolated from S. aureus (6) and subsequently introduced into B. subtilis by DNA transformation, (2) can replicate in E. coli. (i) Plasmid pBR322, which needs a high level of DNA polymerase I for its replication, is maintained in E. coli strains containing low levels of the enzyme, provided that it is linked to pC194. The maintenance is not due to the synthesis of a pC194-encoded analogue of the DNA polymerase I and requires that the replicon of pC194 be intact. Similar tests were previously used to analyze plasmid replication regions (i.e., ref. 31) . (ii) pC194 linked to the pBR322 whose replication region has been inactivated by a deletion is maintained in E. coli. Recombination functions of the host are not involved in this maintenance.
Two other plasmids isolated from S. aureus, pT127 and pUB1 12 (8, 9) , that replicate in B. subtilis (2) can also replicate in E. coli, as judged by the ability of the hybrids between these and pBR322 to be maintained at the restrictive temperature in E. coli cells containing thermosensitive DNA polymerase I. Another such plasmid, pC221 (7), and the cryptic plasmid pHV400 isolated from B. subtilis (3) cannot replicate in E. coli, as indicated by a similar test. Plasmid pC223, from S. aureus (8), seems to be able to replicate to a certain extent in E. coli. pC194, pT127, and pUB112, which replicate in S. aureus, B. subtilis, and E. coli, are likely to use at least two, and perhaps three, different replicons, because (i) they belong to different incompatibility groups; (ii) there is less than 10% homology between pT127 and pC194 whereas there is 60% homology between pT127 and pUB112 (32); (iii) their restriction patterns are different (refs. 2, 32, 33; unpublished data). pC194 does not replicate in E. coli as efficiently as it does in S. aureus or B. subtilis, as indicated by the low copy number, and possibly by the segregation of the hybrid plasmids that we have examined. Further work is needed to explain this behavior, and, more generally, the mechanism of replication of pC194, pT127, and pUB112 in E. coli. pT127 is likely to encode a protein necessary for its replication as shown by a study of a similar plasmid, pT181 (34) . We have no evidence at present that would imply involvement of a plasmid-encoded protein in the replication of pC194. If this plasmid relies solely on host functions for its replication, as is the case for ColE1 (35, 36) , it would be interesting to determine the sequence of the replication region recognized by three hosts as different as S. aureus, B. subtilis, and E. coli.
In conclusion, our results show that some plasmids can replicate in both Gram-positive and Gram-negative prokaryotes. These plasmids represent a link that joins the organisms belonging to these two groups into a network of potential exchangers of genetic information. 
